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Phytate, the salt of phytic acid, is the main form of phosphorus (P) in cereal grains and 
by-product feeds and P must be cleaved from phytate to be absorbed. The P associated with 
phytate can make up to 60 to 80% of total P in cereal grains (Eeckhout and De Paepe, 1994; 
Viveros et al., 2000). Thus, beef cattle are fed dietary inclusions of P above their requirement to 
ensure adequate amounts are absorbed. As P intake increases above the requirement of the 
animal, endogenous fecal P and feed P excretion may also increase (Braithwaite et al., 1985; 
Scott et al., 1985; Ternouth, 1989), contributing to P pollution of surface water (U.S. EPA, 
1996). Reducing P excreted in manure would help mitigate the impact beef cattle have on 
eutrophication of fresh waters. One way to reduce excreted P is by increasing the availability of 
P to the animal, thereby increasing absorption. A popular feeding strategy to increase P 
availability for nonruminants is the dietary addition of phytase, an enzyme that releases P bound 
to phytate, making it more available for absorption (Lei et al., 1993; Ravindran et al., 2000; 
Jongbloed et al., 2004). The microbial population in the rumen produces phytases; however, 
passage rate, Ca-complexes formed with phytate, and processing of dietary ingredients can 
reduce ruminal phytase activity (Konishi et al., 1999; Park et al., 1999; Kincaid et al., 2005). 
Limited data exists on the addition of supplemental, exogenous phytase to beef cattle diets to 
improve P availability to reduce the need for supplemental P.  
 Objectives were to determine the interactions of phytase inclusion and dietary P 
concentration on metabolism and digestibility of beef cattle fed starch-based diets. Six 
ruminally-fistulated steers (initial BW = 750 ± 61 kg) were fed in a 6 × 6 Latin square design 
with a 3 × 2 factorial arrangement of treatments: 1) 0 FTU phytase, 0.10% dietary P, 2) 500 FTU 
phytase, 0.10% dietary P, 3) 2,000 FTU phytase, 0.10% dietary P, 4) 0 FTU phytase, 0.30% 
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dietary P, 5) 500 FTU phytase, 0.30% dietary P, 6) 2,000 FTU phytase, 0.30% dietary P. Where 
one FTU is defined as the amount of phytase that liberates 1 μmol of inorganic phosphate per 
minute from 0.0051 M Na-phytate solution at a pH of 5.5 and 37°C (Engelen et al., 1994). 
 There were no main effects of phytase inclusion on any parameter measured. However, 
dietary concentrations of P affected (P < 0.01) DMI, total fecal output, and apparent DM 
digestibility. Steers fed the 0.10% P diet, consumed less DM and excreted less feces, but had 
increased apparent DM digestibility compared with steers fed the 0.30% P diet. Diets deficient in 
P often reduce intake (Riddell et al., 1934; Call et al., 1986; Geisert et al., 2010), thus, the 0.10% 
P diet, likely did not supply adequate P, despite dietary phytase inclusions. In addition, the 
0.10% P diet contained corn starch instead of corn to achieve the reduced P. Highly processed 
ingredients, like corn starch, are known to increase digestibility (Murphy et al., 1994). However, 
they may also decrease pH. In fact, steers fed the 0.10% P diet had ruminal pH below 5.5 by 6 
hours post-feeding, and, thus, were more acidotic (P = 0.01) than steers fed 0.30% P. There were 
no differences (P > 0.35) in water intake and urine output between steers fed differing 
concentrations of dietary P. There was no difference (P = 0.86) in g/d intake of N nor was N 
retention affected (P = 0.84). Nitrogen retention was unaffected because steers fed the 0.10% P 
diet tended (P = 0.10) to absorb more N and excreted more (P = 0.02) N in the urine and less (P 
< 0.01) N in the feces compared to steers fed 0.30% P. 
 Concentration of P in the diets fed in this study, affected P digestibility. Steers fed 0.10% 
P consumed less (P < 0.01) P and excreted less P in feces (P < 0.01) and urine (P < 0.01) than 
steers fed 0.30% P. In steers consuming the 0.10% P diet, excretion of P was greater than intake 
of P. Therefore, both retention of P (P < 0.01) and absorption of P (P < 0.01) were negative. 
Steers fed the 0.10% P diet had an average plasma P concentration of 2.87 mg/dL, suggesting 
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they were, in fact, P-deficient. While steers on the 0.30% P diets, had plasma P concentrations in 
the P-adequate range, defined as greater than 4.50 mg/dL (NRC, 2000).  
 Water-soluble P concentration in the feces was greater (P < 0.01) in steers fed 0.30% P. 
However, the proportion of total fecal P that was excreted as water-soluble P was increased by 
23.0% in steers fed 0.10% P compared to steers fed 0.30% P, regardless of phytase inclusion 
level. Not only did steers fed 0.30% P consume more (P < 0.01) total P but they consumed 100% 
more phytate-P as a proportion of total dietary P than cattle fed 0.10% P. 
 Although there was no interaction between phytase and P concentration in the current 
study, conclusions can be drawn from metabolism of P in steers fed either P-deficient or P-
adequate diets. Steers that consumed a P-deficient diet, 0.10% P, had decreased DMI, which led 
to decreased fecal output, and these steers were considered to be in negative P balance due to 
negative absorption and retention values. Diets were formulated to provide similar N per day, 
and although steers tended to absorb more N during P deficiency, they excreted more N in their 
urine, thus N retention was not altered. Changes in blood P concentration, as a method to 
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CHAPTER I: LITERATURE REVIEW 
Introduction 
 Consolidated animal agriculture is identified as one of the major contributors to 
phosphorus (P) pollution of surface water (EPA, 2001). Beef cattle contribute to this statistic 
because they are fed high dietary inclusions of P. One of the reasons cattle are fed elevated P in 
the diet is to ensure adequate amounts are absorbed. As P intake increases above the requirement 
of the animal, endogenous fecal P and urinary P excretion increase (Braithwaite, 1985; Scott et 
al., 1985; Ternouth, 1989), causing nutrient management and environmental concerns.  
Phosphorus is not found in its free-form in nature because it is too reactive (McDowell, 
1992). Therefore, it must always be attached to an organic molecule of some kind in nature, such 
as, phosphate (PO4-3). Phytate, the salt of phytic acid (myo-inositol hexakisphophate; inositol and 
six phosphate groups), is the molecule that binds P as PO4
3- in cereal grains and by-product 
feeds. Phytate has a molecular weight of 660 g/mol (Selle et al., 2011). The P associated with 
one phytate molecule is 282 g P per kg (Selle et al., 2011) which makes up 60 to 80% of total P 
in cereal grains (Eeckhout and De Paepe, 1994; Viveros et al., 2000). In addition, cereal grains 
are the main feed ingredient used in beef cattle finishing diets in the Midwest. The phytate 
molecule itself is indigestible and tightly binds P (Simons and Versteegh, 1990) thereby 
decreasing P availability (Clark et al., 1986; Simmons et al., 1990; Kincaid et al., 2005). For P to 
be detached from phytate, an enzyme, phytase, must be present (Simons and Versteegh, 1990). 
The enzyme phytase catalyzes the hydrolysis of the phytate molecule, liberating the attached 
PO4
3- groups from the inositol ring so that they may be absorbed by the animal. In cattle, the 
microbial population in the rumen produces phytase. The microbial population in the rumen is 
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responsible for the majority of ruminal phytase activity, and phytase is associated with the 
bacteria, not free in the fluid (Yanke et al., 1998). More specifically, the starch-fermenting 
bacteria, rather than protozoa or fungi, have the most phytase activity (Kincaid and 
Rodehutscord, 2005). Raun et al. (1956) discovered that when phytase from the rumen of a 
Shorthorn steer was added to an in vitro culture with organic phytate (as calcium phytate), the 
PO4
3- availability was comparable to that of inorganic P. However, in vivo, passage from the 
rumen to the remaining GI tract may occur before ruminal phytases can cleave all of the 
phosphates from the phytate molecule (Kincaid et al., 2005). Ca-complexes formed with phytate 
during processing of dietary ingredients, like formaldehyde and heat treatment, can also reduce 
ruminal phytase activity (Konishi et al., 1999; Park et al., 1999).  
Geisert et al. (2010) reported a direct, linear relationship between dietary P 
concentrations and fecal P concentrations in finishing crossbred steers. If P is not released from 
phytate in the GI tract, then the amount of P in the feces increases in the form of phytate-bound P 
and dissolved, water-soluble P that is associated with the liquid portion of feces. Phytate-bound P 
in the manure still presents an environmental concern because phytases in nature and in the 
aquatic environment, can cleave phytate bonds, releasing the PO4
3- molecules (Cheng and Lim, 
2006) attributing to eutrophication. These concerns are heightened when the P is applied to the 
land as liquid manure. The form of P in the liquid manure is known as dissolved-reactive P 
(DRP). Dissolved-reactive P is P in the form of PO4
3- and is in aqueous solution. The DRP is 
increased when liquid manure is surface-applied to crop land (Yli-Halla et al., 1995; Schreiber, 
1998; Pote et al., 1999). Liquid and solid state of manure have different concentrations of water-
soluble P. Dry manure has 28% less water-soluble P concentrations than liquid manure 
(Kleinman et al., 2005). A strong negative correlation (r = −0.72) exists between DM and water-
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soluble P in dairy manure, indicating increased dissolution of P with increasing water in manure 
(Kleinman et al., 2005). Thus, when liquid manure is applied to crop land, the proportion of P 
subject to runoff increases relative to the land application of solid manure (Dou et al., 2002; 
2003). Therefore, water-soluble P, as PO4
3-, in manure or mineral fertilizer worsen P 
contributions to runoff because it is the most readily available form of P for algae growth and 
eutrophication in fresh water (Walton and Lee, 1972; Sharpley et al., 1998; Kleinman, 2000). 
There has been little work on the effects of feeding exogenous phytase to beef cattle as a means 
to increase P availability to the animal and decrease P excreted in the manure. 
Phosphorus Metabolism in Beef Cattle 
Before environmental reductions of P are discussed, it is important to understand the 
necessity of P in beef cattle to understand why it is not just eliminated from the diet. Phosphorus 
makes up about 1% of the total body weight (Berner, 1997) and about 29% of the total body 
minerals (McDowell, 1992). Minerals cannot be synthesized in the body; therefore, P needs to be 
supplemented in order to meet animal requirements. Minerals, in general, are required to support 
many functions in animals including: structural building blocks, constituents of bodily fluids and 
tissues as electrolytes, and catalysts in enzyme and hormone function (Underwood, 1981). 
Phosphorus, along with calcium, magnesium, fluorine, and silicon, play a crucial role in teeth 
and bone stability, contributing to mechanical and structural support (McDowell, 1992). 
Phosphorus is also closely tied to Ca because together they make up the majority of bone. 
Phosphorus in bone is in the form crystalline PO4
3- and gives bone its ridged structure (Berner, 
1997). Together, Ca and P form the hydroxyapatite crystals of the bones, sometimes written as 
Ca10(PO4)6(OH)2 (McDowell, 1992; Berner, 1997). Bone contains about 98 to 99% of the body’s 
total Ca and 80 to 85% of its total P (Centrella and Canalis, 1985; Berner, 1997). For 
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comparison, soft tissues and muscles contain 14% of the body’s total P whereas blood only 
contains 1% (Berner, 1997). In mammal bone ash, there is 36% Ca and 17% P (McDowell, 
1992) making the ratio of Ca:P in bone roughly 2:1, which does not usually change (Hegsted, 
1973). In fact, an increase in one of these minerals, Ca or P, will lead to improper utilization of 
the other (McDowell, 1992).  
Phosphorus is involved in a variety of metabolic functions, such as energy transfer in the 
form of ATP, ADP, or AMP, is a component in RNA and DNA, and contributes to phospholipid 
formation (McDowell, 1992; NRC, 1996). While, extracellular P in plasma is the main method 
used in mammals to evaluate P status in mammals (Berner, 1997), bone P composition is the 
most definitive way to test for P deficiency (McDowell, 2003). Phosphorus is also involved in 
appetite regulation and plays a role in feed utilization (Underwood, 1981; Berner, 1997). Specific 
to ruminants, P is required by the microorganisms that inhabit the rumen for growth and cellular 
metabolism (NRC, 1996), especially cellulolytic bacteria (McDowell, 1985). In the rumen, P 
also helps regulate pH, acting as a buffer (McDowell, 1992). In fact, mineral salts, such as 
calcium phosphate, have been used in ruminant diets for their buffering effect (NRC, 1989).  
The primary buffer in ruminants is saliva. Phosphorus plus bicarbonate in saliva 
contributes a buffer effect in the rumen during volatile fatty acid (VFA) production (McDowell, 
1992; Care, 1994). Unique to ruminants, saliva serves as a reservoir for inorganic P and is the 
main donor of P to the gut (McDowell, 1992; Valk et al., 2002). Phosphorus in saliva supplies 
80% of P to the digestive tract when swallowed (Care, 1994). Tomas (1974) discovered that 
salivary P entering the rumen is dependent on the physical form of the diet where ruminants 
consuming a forage diet will secrete more saliva in a given amount of time than would ruminants 
consuming a concentrate diet that is pelleted or ground. This is likely due to the large particle 
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size of forages stimulating saliva production. Salivary P is correlated to blood P (Tomas et al., 
1974; Braithwaite, 1984). In sheep fitted with a reentrant cannula, salivary P was also correlated 
to the net amount of P absorbed in the small intestine (McDowell, 1992) suggesting the benefit 
of P conservation in the body in times of P deficiency (Care, 1994). 
Multiple studies have reported the efficiency of total absorption of supplemental 
inorganic P in both ruminants and non-ruminants to be about 65 to 85% (Braithwaite, 1986; 
Challa et al., 1989). Phosphorus is absorbed, both passively and actively, in the duodenum of the 
small intestine and the forestomach (Breves et al., 1988) in the form of PO4
3- (Wasserman, 1981; 
Braithwaite, 1984; NRC, 2005). Passive absorption of P takes place in the distal small intestine, 
in the jejunum and ileum, where increased dietary P correlates to P concentration in the lumen of 
those sections in the small intestine (NRC, 2005). Passive absorption of P in the small intestine 
also depends on solubility of P at the duodenum (Maynard et al., 1979). In the forestomach of 
ruminants, passive absorption is dependent on an electrochemical gradient (Breves et al., 1988). 
Although passive absorption of P occurs in multiple places in the ruminant gastrointestinal tract, 
methods of active absorption are also important in ruminants.  
One active method of active absorption is hormonal regulation (Berner, 1997; NRC, 
2005; McDowell, 1992). Previously, it was believed that main hormone responsible for the 
absorption of P is the active circulating form of vitamin D (1,25-(OH)2D3), synthesized and 
secreted by the kidney and regulated by parathyroid hormone (Berner, 1997). Parathyroid 
hormone increases salivary P concentration via 1,25-(OH)2D3 (Wright et al., 1984) by first 
increasing P concentration in the blood (Fischer et al., 1973) from stores in the kidney (Barlet 
and Care, 1972). Vitamin D regulates active absorption of P via pump mechanisms, such as Na-
dependent active transport in the duodenum (McDowell, 1992; NRC, 2005). However, vitamin D 
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is not as involved as previously thought. Field et al. (1983) and Scott et al. (1985) questioned 
endocrine regulation of P homeostasis in ruminants. They postulated instead that absorptive 
efficiency of P in the small intestine was the main regulator and was more affected by a 
combination of factors such as salivary P, P intake, endogenous P losses, and fecal P.  
In addition to hormones, Ca concentration can play a role in P absorption both directly 
and indirectly. Direct regulation with Ca occurs when insoluble complexes form between Ca and 
P and decrease absorptive capacity (Berner, 1997). Indirectly, when circulating concentrations of 
Ca are high, synthesis of 1,25-(OH)2D3 is reduced (Hughes et al., 1975), thereby decreasing P 
reabsorption. Intestinal pH, animal age, and dietary intake of other minerals such as Ca, Fe, Al, 
Mn, K, and Mg, that can form insoluble phosphates, are factors that affect P absorption (Irving, 
1964). For example, Budde and Crenshaw (2003) found that there was an 80% decrease in PO4
3- 
excreted in the urine of weanling pigs fed an acidic diet compared with those fed an alkaline diet. 
Further, pigs fed the acidic diet retained 147.62 mmol/d PO4
3- whereas pigs fed the alkaline diet 
retained only 129.15 mmol/d PO4
3-. This has to do with the fact that PO4
3- is negatively charged 
and plays a role as a buffer in the osmotic balance at the site of absorption. When pH becomes 
more alkaline, it is harder for PO4
3- to stay in solution, thereby inhibiting absorption (Care, 
1994). In ruminants, the effect of dietary pH may be negligible because the rumen buffers dietary 
pH before the digesta enters the abomasum. However, there is a dearth of information on the 
effects of dietary pH on P digestion in ruminants.  
Once digested, there are two routes of excretion for P, either in the feces or urine. 
Absorbed P that is not retained is excreted in the urine. Urinary P losses in cattle are far less than 
fecal losses (NRC, 1996) because ruminants have a higher renal threshold for P than 
nonruminants (McDowell, 1992). This ability to store P in the kidney for times of greater need 
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represents an evolutionary advantage for grazing ruminants. Poor-quality forages are not as 
readily digested by ruminants as good-quality forages, and they can also be deficient in nutrients, 
like P (McDowell, 1985). In situations when ruminants are required to graze low-quality forages, 
intake is the limiting factor at getting enough P to meet their requirement. Therefore, through 
their ability to store P in the kidney, they are able to use those stores when grazing poor-quality 
forages without removing P from the bone.  
Phosphorus that is not absorbed is excreted in the feces. In addition to unabsorbed P, 
feces may contain “endogenous losses” of P. Endogenous fecal losses of P vary widely 
depending on intake and factors that affect salivary P (Challa et al., 1989; NRC, 1996). Other 
major contributions to endogenous losses of P include sloughed intestinal cells and microbial 
cells (Mason, 1984). Fecal endogenous losses of P can even occur during times of P deficiency 
(NRC, 2005). A few studies have evaluated P digestibility in feedlot steers. Hankins-Herr et al. 
(2009) fed feedlot steers (345 kg BW) a common finishing diet containing 0.30% P diet DM, that 
was corn and silage-based. Steers consumed 23.9 g/d P, excreted 6.0 g/d P in the feces, and 
absorbed 18.8 g/d P. Geisert et al., (2010) did a similar study in feedlot steers (386 kg BW) and 
fed another common finishing corn-based diet containing no silage with dietary DM P 
concentrations of 0.30% P. In this study, steers consumed 28.9 g/d P, excreted 12.1 g/d P, and 
absorbed 14.8 g/d P. The differences in P excreted and absorbed could be due to the addition of 
silage in the diet of the first study. Because silage is a fermented feedstuff with microbial 
activity, it contains bacterial phytases that make P in silage more available for digestion than P 
from unfermented feeds, like dry corn grain for example (Brask-Pedersen et al., 2013). Phytase 
activity will be discussed in further detail below. Regardless of how is it excreted, in the urine or 
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feces, excreted P can be applied to land, crops, or pasture, as fertilizer. However, excess land 
application of P can cause environmental concerns. 
Environmental Concerns with Phosphorus  
Phosphorus is an irreplaceable, essential, elemental nutrient required to sustain life and 
food production (Cordell and White, 2011). The Law of Mass Conservation applies to P, P 
cannot be manufactured nor destroyed. Phosphorus used in mineral supplements in both human 
and animal nutrition originates from rock phosphate found in the Earth’s crust, but there is a 
limited supply on Earth. Exploitation of P has led to its scarcity (Cordell and White, 2011). The 
depleting world rock phosphate supply generated an 800% increase in the price of phosphate in 
2008 (Dery and Anderson, 2009). However, in some circumstances, P could be considered 
“renewable” because there is a constant cycle between animals, soil, and plants (Cordell and 
White, 2011). Unfortunately, the depletion of rock phosphate in Earth’s crust caused by P 
exploitation are still public concerns and the issues with P are multifaceted. As we continue to 
use rock phosphate from the Earth’s crust, new sources of P need to be explored, like harvesting 
P from human feces (Mihelcic et al., 2011). In addition, due to the abundant use of P for decades, 
growing concerns about P pollution will need to be addressed. 
Phosphorous pollution is a complex issue and there are a number of factors that affect 
runoff and subsequent P pollution potential (Ongley, 1996). First, rate of rainfall controls the 
amount of water as well as the soil detachment factor: the higher the rate of the rainfall, the 
higher the detachment factor, meaning increased lost soil particles to runoff. Second, in saturated 
conditions, permeability of the soil contributes to its ability to pass water. Mineral and organic 
composition, as well as porosity of the soil, all play a role in the permeability of the soil. 
Furthermore, one of the most common soil characteristics used to evaluate soil surface runoff is 
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infiltration rate of the soil measured in centimeters per hour. Infiltration rate is controlled by 
capillary forces correlated to soil compaction and will be very high at the beginning of a rainfall 
and then decrease over time as the soil becomes more saturated. Thus, soil infiltration varies 
among rainfall events and differs by soil type and geographic location.  
Reviews on P pollution have been extensive (Sharpley et al., 1994; Correll, 1996; Sims et 
al., 1997). The following review will discuss specifically how beef cattle contribute to P 
pollution. In 1998, the EPA established a Unified Nutrient Strategy for animal feeding operations 
to implement nutrient management programs on the farm-enterprise level (EPA, 2015). The main 
goal of the program was to establish federal guidelines in the agriculture sector to manage water 
quality. Through the Unified Nutrient Strategy, concentrated animal feeding operations (CAFO) 
are required to develop a Comprehensive Nutrient Management Plan specific to their operation 
(EPA, 2015). In the state of Illinois, a beef cattle operation qualifies as a CAFO if 1,000 animal 
units or more are maintained in a confined space for 45 days during a 12-month period (EPA, 
2015). Consolidated animal agriculture has been identified as one of the major contributors to P 
pollution of surface water (EPA, 2015).  
Concentrated animal feeding operations that house cattle are called feedlots. Feedlots 
vary in animal inventory and management; but, in a feedlot, cattle are confined and have feed 
brought to them. As a result, manure, and the nutrients therein, like N and P, are consolidated. 
Feedlot cattle diets contain elevated concentrations of P due to the nature of the feedstuffs used. 
For example, corn and corn-byproducts contain 0.31% and up to 0.95% P on a DM basis, 
respectively (NRC, 1996). These feeds are the primary ingredients in feedlot cattle diets in the 
Midwestern region of the U.S. By comparison, grazed forages contain 0.20 to 0.30% P (DM 
basis; NRC, 1996). The elevated concentrations of P in the feedlot cattle diets lead to elevated 
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concentrations of P in the manure because there is a direct linear relationship between P 
concentrations in the diet and P concentration in the manure (Geisert et al., 2010). Continued 
over-application of P to the ground can lead to a P imbalance in the soil and increase the 
likelihood that P will move through the soil (Sharpley et al., 1998). Commonly planted corn 
hybrids in Illinois uptake a N:P ratio of about 5.8 (Bender et al., 2013). Uncomposted beef 
feedlot manure provides an N:P ratio of 2.6 (Eghball et al., 1997), which is 55% less than what 
the crop needs. Because of this, manure application to corn with beef feedlot manure to meet the 
requirements for N would increase soil levels of P beyond what is required. Or, that manure 
would have to be spread across greater distances to avoid over-applying. This is an added cost to 
the farmer because the manure would be hauled farther. 
Phosphorus pollution from agricultural land, whether synthetic fertilizer or manure is 
used, occurs mainly via water runoff or soil erosion and typically happens after a rainfall event 
(Sharpley et al., 1994). The P can enter the water cycle after rainfall events via streams, rivers, 
and lakes (Ongley, 1996), and can accelerate eutrophication (Daniel et al., 1998).  
Eutrophication occurs when the nutrient supply in a body of fresh water increases (Smith 
et al., 1999). Algae in these bodies of fresh water require N and P as the two main nutrients for 
growth (Schlesinger, 1991; Vitousek and Howarth, 1991). When N and P enter the water via 
runoff, they can exceed the N and P requirements of the algae, providing an oversupply of 
nutrients (Smith et al, 1999). When excess nutrients are available, algae, namely phytoplankton, 
continues to grow producing an algal “bloom” (Sharpley et al., 1994). As the phytoplankton 
settles to the bottom, they decay and remove oxygen from the water causing anoxia, or a lack of 




One of the most detrimental examples of eutrophication in the U.S. is the hypoxic zone in 
the Gulf of Mexico. Hypoxia is the depletion of oxygen to very low levels whereas anoxia, 
mentioned above, is the complete lack of oxygen. Thirty-one states in the United States are part 
of the Mississippi Watershed. Runoff from over half of the U.S. feeds into the Mississippi River 
and gets deposited in the Gulf of Mexico (The Nature Conservancy, 2012). The concentration of 
P in the waterways that flow into the Mississippi River, and subsequently into the Gulf of 
Mexico, creates a “dead zone” in the Gulf where oxygen supplies are depleted. In Illinois, for 
example, 48% of agriculture contributes an estimated 11% of P to the hypoxic zone in the Gulf 
of Mexico (David et al., 2013), making Illinois one of the top 4 states contributing to the hypoxic 
zone (EPA, 2014). Thus, Illinois agriculture accounts for 6% of the total P in the Gulf of Mexico 
(EPA, 2014).  
 Historically, beef cattle manure was considered a “sustainable” source of P that could be 
returned back to the soil as fertilizer, continuing the cycle from benefitting a living animal to 
then benefiting soil. However, manure application processes and P concentrations in manure may 
increase the risk for runoff and other associated issues discussed above. There are ways to 
manage manure runoff in an effort to reduce these negative effects. For example, Eghball and 
Gilley (1999) used a simulated model to show that manure from beef feedlots that was applied to 
winter wheat land and disked, increased runoff concentration of total P and led to dissolved P 
concentrations that were within a critical range when compared to manure applied in a no-till 
application method. The authors noted this is an indication that application methods that result in 
erosion, such as disking, cause an increase in P runoff (Eghball and Gilley, 1999). Therefore, 
increased efforts and research on ways to reduce P excretions in manure and subsequent runoff 
need to be evaluated and promoted. As several environmental papers have examined the runoff 
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issues (Shapley et al., 1994; Correll, 1998; Eghball and Gilley, 1999; Knowlton et al., 2004; 
Vasconcelos et al., 2007; Smith et al., 2015), there are several strategies to reduce P excreted in 
manure. Perhaps the most obvious strategy is to increase the availability of the P to the animal, 
thereby reducing fecal P. A popular feeding strategy to increase P availability for nonruminants 
is the dietary addition of phytase, an enzyme that releases P bound to phytate, making it more 
available for absorption. For example, phytase supplementation reduced P output by 26% and 
improved P digestibility by 20% in growing pigs (Sotak-Peper et al., 2016), reduced fecal P 
output by 10% and improved P digestibility by 38% in broilers (Ravindran et al., 2000), and 
improved P digestibility by 52% in lactating sows (Jongbloed et al., 2004). Phytate and phytase 
will be discussed in more detail below because for livestock producers, one major challenge to 
addressing the manure P values and subsequent runoff of P, occurs due to the plant bound, 
phytate-P in commonly used feedstuffs.  
Plant-bound Phosphorus and Phytate 
The plant bound P in common feedstuffs makes P reduction research challenging in 
livestock, in addition research in ruminants is challenging for a number of other reasons. First 
and foremost, P deficiencies are the most common mineral deficiency in grazing cattle around 
the world (McDowell, 1992). As early as 1785, there were observations and descriptions of P 
deficiencies in animals (McDowell, 1992). Phosphorus deficiencies are more commonly seen in 
animals on pasture compared to animals on concentrate diets (McDowell, 1992), due to the 
differences in P concentrations in grains and forages discussed previously. Briefly, the primary 
reason P deficiencies are more common in grazing animals is that P-deficient soils are 
widespread. Forages grown on P-deficient soil will also be P-deficient. Even in P-sufficient soils, 
drought and increasing forage maturity lead to P-deficient forages (NRC, 1996). In addition, 
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factors that affect DMI of a given forage can also impact mineral intake. For example, low 
protein composition of the diet (< 7%) and increased forage maturity (lignification) reduce total 
mineral intake (McDowell, 1992). 
An animal is considered P-deficient when plasma P levels are below 4.5 mg/dL 
(McDowell, 1992). Beef cattle deficient in P have reduced growth and efficiency, appetite, and 
milk production, impaired reproduction, and weakened bones (Underwood, 1981; Shupe et al., 
1988). In young animals, P deficiency will manifest itself as rickets, whereas in older animals it 
will manifest as osteomalacia (McDowell, 1992). Rickets is caused by improper calcification of 
bone during early stages of growth, whereas osteomalacia is the result of an excess of P taken 
from bone to meet the requirement of the animal (NRC, 1996). The clinical signs of rickets and 
osteomalacia are bone fractures, bone weakness, and stiffness (NRC, 1996). Deficiencies of P 
are often more concerning for young growing cattle as they have a greater requirement for P than 
mature cattle (Lofgreen et al., 1952; Wise et al., 1958). According to the NRC (1996), the P 
requirement for maintenance of a growing steer is 16 mg of P per kg of body weight. 
Consequently, daily endogenous losses are also 16 mg of P per kg of BW in cattle fed diets at or 
close to the P requirement (Tillman and Brethour, 1958; Tillman et al., 1959; Challa and 
Braithwaite, 1988a; Challa et al., 1989). The P requirement increases with increasing gain. In 
fact, the requirement for retained P, in excess of maintenance, is calculated to be 3.9 g of P for 
every 100 g of protein gain (NRC, 1996). If dietary P exceeds what is required by the calf, or if 
the diet is poorly digested, P is excreted in the feces (Lei et al., 1993; Knowlton et al., 2001; Dou 
et al., 2002; Dou et al., 2003; Bravo et al., 2003; Weiss and Wyatt, 2004). Particularly for 
grazing cattle, this means that their diet has too little P to supply their needs. Therefore, P is 
often supplemented in the diet of ruminants. Supplemental P sources ranked on availability are 
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monocalcium phosphate, dicalcium phosphate, defluorinated phosphate, and meat and bone meal 
(Peeler, 1972; Potter, 1988). 
In ruminants fed concentrates, P deficiency is less of a concern because, in general, 
grains contain more P than forages (Kellems and Church, 1998). Within an individual plant, P is 
more concentrated in the seed and seed by-products, like bran and oil meal, than it is in the 
roughage portion of the plant (McDowell, 1992). However, up to 60 to 80% of total P in cereal 
grains, and certain cereal by-product feeds, is bound to phytate, the salt of phytic acid (myo-
inositol hexakisphophate; inositol and 6 phosphate groups; Eeckhout and De Paepe, 1994; 
Viveros et al., 2000). However, if fermentation is involved in the production of a particular by-
product feed, phytate P as a percent of total P can be lower. For example, corn has 78% of total P 
bound to phytate and corn distillers grains has 21% of total P bound to phytate because of the 
fermentation process corn distillers undergoes during ethanol production resulting in partial 
phytate hydrolysis of that feedstuff (Eeckhout and De Paepe, 1994). The phytate molecule itself 
is indigestible and is known to have anti-nutritive properties because it is a polyanionic molecule 
(12 negative charges) allowing it to bind positively charged nutrients creating a chelate (Selle et 
al., 2011). Notably, phytate binds many divalent minerals like Ca2+, Zn2+, Fe2+, and Cu2+ (Selle et 
al., 2011) inhibiting absorption of those minerals in the small intestine. Early on, it was 
suggested that phytate caused osteomalacia because phytate forms insoluble complexes with Ca 
in the small intestine reducing absorption of both Ca and P (Mellanby, 1949). Phytate has the 
same chelating effect on Zn, potentially causing parakeratosis in nonruminants (Oberleas et al., 
1962).   
Availability of phytate-bound P depends on the animal’s ability to hydrolyze phytate to 
access the absorbable form of P, PO4
3- (Simons and Versteegh, 1990; Greiner and Konietzny, 
15 
 
2011). The enzyme phytase allows that hydrolysis of PO4
3- to take place. Better understanding of 
the chemistry behind phytase molecules may improve the understanding of their function in the 
animal. 
Phytase  
Commercial phytases were first introduced to the market in 1991 (Greiner and 
Konietzny, 2011). According to in vitro work by Konietzny and Greiner (2002), phytases 
dephosphorylate phytate in a stepwise fashion, generating PO4
3-, the form of phosphate animals 
absorb, and partially phosphorylated myo-inositol phosphates. Those myo-inositol phosphates 
then become the substrate in the next phytase reaction (Greiner and Konietzny, 2011). To clarify, 
the starting molecule is a full phytate (myo-inositol 6 phosphate; inositol ring with 6 phosphate 
groups). One phytase molecule hydrolyzes phytate and the resulting compound is inositol 
(1,2,3,4,5) pentaphosphate and a free PO4
3- that can be used by the microbes or the animal. 
Inositol (1,2,3,4,5) pentaphosphate is the substrate for the following phytase to hydrolyze it 
making it inositol (2,3,4,5) tetraphosphate where another PO4
3- is freed. The same trend follows, 
inositol (2,3,4) triphosphate, then inositol (2,3) diphosphate, then finally inositol (2) 
monophosphate (Hayakawa et al., 1990; Greiner et al., 2000; Nakano et al., 2000). However, the 
PO4
3- at the carbon-2 position is resistant to dephosphorylation as demonstrated by many 
researchers (Cosgrove, 1970; Nakano et al., 2000; Greiner and Carlsson, 2006). However, 
phytase may not dephosphorylate all of the five available orthophosphate groups in the stomach 
due to 1) decreased rate of dephosphorylation caused by product inhibition, 2) a lower hydrolysis 
rate of the lower, partially dephosphorylated, inositol phosphates, or 3) both (Greiner and 
Konietzny, 2011). The lack of total dephosphorylations is not necessarily a problem because as 
more of the PO4
3- groups are removed, the chelating effect of phytate decreases, resulting in 
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reduced binding of the other essential elements. For example, inositol (2,3,4,5) tetraphosphate 
has 32% of the Ca-binding affinity of a full phytate molecule (inositol-1,2,3,4,5,6-
hexakisphosphate) and the Ca-binding affinities of inositol tri-, di-, and monophosphate, are 
considered negligible (Luttrell, 1993). In fact, studies in swine have demonstrated an abundance 
of myo-inositol phosphates containing four or less phosphates has a higher chance of being 
dephosphorylated in the small intestine by mucosal phytases (Hu et al., 1996) rather than 
phytate, which is considered to be a poor substrate to mucosa phytases in the small intestine 
(Pointillart et al., 1984; 1985). 
 Bacterial phytases, like E. coli phytases, are a commonly used phytase in production 
animal feeding because they have an optimum pH close to the pH of the abomasum, a high 
affinity for sodium phytate, and a strong catalytic effect (Lei and Stahl, 2001).  Some phytases 
are marketed as “6-phytases” which denotes that dephosphorylation starts at the orthophosphate 
bound to the L-6 (D-4) carbon position on the myo-inostiol ring (Hayakawa et al., 1990; Greiner 
et al., 2000; Nakano et al., 2000).  
Much of the research on the functionality of the phytase enzyme for use in animal feeds 
has been conducted in nonruminants (Ravindran et al., 2000; Jongbloed et al., 2004; Sotak-Peper 
et al., 2016) and centers around release of P from phytate with the addition of phytase to increase 
P digestibility and decrease P output. In nonruminants, phytase addition to the diet reduces the 
need for supplemental P (Greiner and Konietzny, 2011). For instance, P equivalency has been 
established for pigs fed a corn-soy diet with an Aspergillus niger phytase such that 500 FTU 
phytase is equal to 1 g of P as monocalcium phosphate that does not need to be supplemented 
(Hoppe and Schwarz, 1993).  
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There is speculation that phytases have other benefits, associated with reducing the 
antinutritive properties of phytate when fed to nonruminants, such as increasing protein 
solubility and proteolytic digestibility (Greiner and Konietzny, 2011). For example, Cowieson et 
al. (2006) found an improvement in amino acid availability of the diets fed to broiler chicks 
when supplemented with a bacterial phytase compared to those fed no additional phytase. Also, 
supplemental phytase was shown to improve the use of other minerals in pigs (Lei et al., 1993; 
Adeola et al., 1995) and fish (Debnath et al., 2005). The stomach is the main functional site of 
supplemental phytase activity in pigs and fish (Jongbloed et al., 1992; Yi and Kornegay, 1996; 
Yan et al., 2002) and the crop in poultry (Selle and Ravindran, 2007). Studies where phytase was 
fed to nonruminants show increased release of P from phytate when phytase is included in the 
diet and, in turn, increase P availability to the animal (Simons et al., 1990; Augspurger et al., 
2003; Esteve-Garcia et al., 2005; Adeola et al., 2006). A study by Simons et al. (1990) was the 
first of its kind to demonstrate that 1,000 FTU per kg phytase reduced P excretion by 35% in 
pigs and by 47% in broilers. Other work has suggested feeding supplemental dietary phytase to 
nonruminant animals could reduce the excretion of phosphate up to 50% (Greiner and 
Konietzny, 2011). Thus, the addition of the phytase enzyme to nonruminant diets may 
subsequently reduce P pollution. However, nonruminant and ruminant animals differ markedly 
in digestive physiology.  
Ruminants are unique because of the symbiotic relationship they have with the 
microorganisms that reside in the rumen, the first chamber of the gastrointestinal tract. The 
microbial population in the rumen manufactures phytases, thus phytate can be used as a source of 
P in ruminants (Guyton et al., 2003; Nakashima et al., 2007). However, due to factors such as 
passage rate (Kincaid et al., 2005), there is evidence that ruminal phytase may not release all of 
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the P from phytate. For example, Turner and Leytem (2004) suggested that the effects of 
endogenous phytases, those produced in the rumen, were lessened in cattle fed grain. These 
authors found that there was more phytate in manure from cattle fed grain compared to cattle fed 
forage. It has been suggested that these differences are due to the differences in phytate 
concentration in the two diet types, concentrate versus forage, and not caused by phytase 
addition alone (Ravindran et al., 1994). These studies in beef cattle were brief and the majority 
of research in cattle has been on the ability of phytases to reduce fecal P excretion from dairy 
cows (Kincaid et al., 2005).  
Brask-Pedersen et al. (2013) fed 23, 2,023, 3,982, or 6,015 FTU/kg phytase to dairy cows 
and found that increasing phytase in the diet decreased total inositol phosphate and phytate 
bound P. However, ruminal phytase increased with increasing exogenous phytase inclusion in 
the diet, which tended to increase flow of P to the ileum and increased P excreted in the feces 
(Brask-Pederen et al., 2013). Authors concluded that the increase in flow of P to the lower 
digestive tract is a result of phytate hydrolysis in the rumen. Thus, despite the efforts to increase 
P availability and reduce fecal excretion, fecal excretion in this study was increased. In other 
work, however, dairy cows fed 427 FTU/kg phytase did have decreased total fecal P and fecal 
phytate P concentrations compared to cows fed no dietary phytase (Kincaid et al., 2005). Total P 
digestibility also tended to increase when 427 FTU/kg phytase was added to dairy cow diets. The 
authors speculated that this increase in digestibility caused increased hydrolysis of phytate P 
(Kincaid et al., 2005). These results agreed with a study by Knowlton et al. (2007) where dairy 
cows that consumed 1,485 FTU/kg phytase, had decreased fecal P. Results of another study 
indicate no difference in fecal P or P digestibility when crossbred feedlot steers were fed 600 
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FTU/kg of phytase compared to those not fed phytase (Hankins-Herr et al., 2009). Thus, the 
ability of dietary phytase inclusion to reduce fecal P excretion in cattle has been variable. 
Phosphorus pollution caused by runoff is a challenge to the beef industry. Feeding 
strategies, like phytase, used to decrease P excretion have had variable successes. These 
variations may be attributed to differences in cattle type (dairy versus beef), production stage 
(growing versus finishing versus lactating), and phytase inclusion and type (bacterial versus 
fungal). More research to clarify the variation in fecal P excretion noted among studies and on 
other methods to reduce P pollution from land-applied manure are needed. Limited information 
on the effects of phytase in beef cattle diets exists (Hankins-Herr et al., 2009). 
Summary  
Topics in agriculture that are environmentally linked, like P, are complex and 
multifaceted. Phosphorus is an essential nutrient for plants and beef cattle, but it is overfed in 
some situations (grain-based diets) and is deficient in others (grazing). Overfeeding of P to beef 
cattle contributes to eutrophication and other environmental concerns that must be addressed. 
Because a large portion of P in commonly fed plant-based feedstuffs is bound to phytate, this 
adds another level of complexity to resolving the issue. Further, the price of P is increasing due 
to increasing demand coupled with decreasing of Earth’s supply making it an expensive feed 
ingredient for cattle. Methods to mitigate P pollution in the environment include alternative land 
management practices that reduce erosion, and, in animal feeding, reductions of P excretion and 
P solubility in the manure. One way to attempt to address the latter, animal feeding issue, is by 
supplementing phytase. However, there have been limited data evaluating phytase 
supplementation to beef cattle and its effects on P digestibility and P metabolism.  
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CHAPTER II: EFFECTS OF THE INTERACTION OF DIETARY PHOSPHORUS AND 




 Objectives were to determine the interactions of phytase inclusion and dietary 
phosphorus concentration on metabolism of beef cattle fed a starch-based diet. Six ruminally-
fistulated steers (initial BW = 750 ± 61 kg) were allotted to a 6 × 6 Latin square design with a 3 
× 2 factorial arrangement of treatments. Factors included phytase inclusion, at 0, 500, or 2,000 
phytase units (FTU)/kg of diet DM, and dietary P concentration, at 0.10% and 0.30% of total diet 
DM. Data were analyzed using the MIXED procedure of SAS with animal as the experimental 
unit. The CORR procedure was used to compare P concentrations between samples. There were 
no treatment interactions (P ≥ 0.30) for any parameter measured. There were no main effects (P 
≥ 0.45) of phytase on DMI, total fecal output, apparent DM digestibility, water intake, or urinary 
output. Steers fed 0.10% P had decreased (P < 0.01) DMI and total fecal output, but increased (P 
< 0.01) apparent DM digestibility compared with steers fed 0.30% P. Although N intake and 
retention were not affected by treatment, steers fed the 0.10% P diet tended (P = 0.10) to absorb 
more N, and excrete more N in the urine (P = 0.02) and less N in the feces (P < 0.01) compared 
with steers fed 0.30% P. Steers fed 0.10% P also consumed 70.1% less (P < 0.01) total P each 
day, and excreted 51.9% less P in the feces (P < 0.01) and 94.6% less P in the urine (P < 0.01) 
compared with steers fed 0.30% P. Water-soluble P in the feces were greater (P < 0.01) on a g/d 
basis in steers fed 0.30% P when compared with steers fed 0.10% P. However, the proportion of 
total fecal P excreted as water-soluble P increased by 23.0% in cattle fed 0.10% P compared with 
steers fed 0.30% P, regardless of phytase inclusion level. There was no effect of dietary phytase 
concentration on blood or urinary (P ≥ 0.27) P concentrations. Blood P concentration was 
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positively correlated (r = 0.60; P < 0.01) to urinary P concentration when steers were fed 0.10% 
P; however, when steers were fed 0.30% P, there was no correlation (r = 0.36; P = 0.16). 
Regardless of dietary P concentration, phytase supplementation did not increase P absorption nor 
retention. 
Key words: beef cattle, phosphorus, phytase 
INTRODUCTION 
 Phytate binds 60 to 80% of total P as inorganic phosphates (PO4
3-) in cereal grains and 
by-product feeds, the main ingredients fed to livestock in the U.S (Eeckhout and De Paepe, 1994; 
Viveros et al., 2000). Phytate makes P indigestible (Simons and Versteegh, 1990), decreasing P 
available for absorption by animals (Simmons et al., 1990; Kincaid et al., 2005). Phytase 
liberates PO4
3- from phytate to increase absorption in nonruminants (Lei et al., 1993). Nelson et 
al. (1971) suggested that providing high doses of phytase, 2,000 FTU or more, in swine and 
poultry diets may be more beneficial than including lesser doses. This technique is known as 
“superdosing”.  
Dairy cattle have been fed phytase with mixed results (Bravo et al., 2002; Guyton et al., 
2003; Knowlton et al., 2007). The greatest dose of phytase used in beef research to date has been 
600 FTU per kg diet DM (Hankins-Herr et al., 2009). While rumen microbial populations 
produce phytase, it has been suggested that passage rate (Kincaid et al., 2005), grain type 
(Eeckhout and de Paepe, 1994; Ravindran et al., 1994), processing method (Park et al., 1999; 
Bravo et al., 2000), and dietary concentration of Ca (Sansinena, 1999) are factors that may affect 
the ability of ruminal phytases to cleave PO4
3- from phytate. Feedlot cattle are often fed 
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processed, grain-based diets that increase rate of passage. There is minimal information on 
feeding phytase, and no information on superdosing phytase, to feedlot cattle to our knowledge.  
We hypothesized that feeding increasing concentrations of phytase to beef cattle would 
reduce the total amount of P required in the diet, thereby decreasing P, total and water-soluble, 
excreted in the manure in steers fed a 0.10% P diet. Objectives were to determine the interactions 
of phytase inclusion and dietary phosphorus concentration on metabolism of beef cattle fed a 
starch-based diet. 
MATERIALS AND METHODS 
Animals and Management 
Six Angus-cross, ruminally-fistulated steers (initial BW = 750 ± 61 kg) were used in a 6 
× 6 Latin square design with a 3 × 2 factorial arrangement of treatments: 1) 0 FTU/kg phytase 
(5,000 FTU/g of Quantum Blue; ABVista, Marlborough, United Kingdom), 0.1% dietary P, 2) 
500 FTU/kg phytase, 0.1% dietary P, 3) 2,000 FTU/kg phytase, 0.1% dietary P, 4) 0 FTU/kg 
phytase, 0.3% dietary P, 5) 500 FTU/kg phytase, 0.3% dietary P, or 6) 2,000 FTU/kg phytase, 
0.3% dietary P. One FTU is defined as the amount of enzyme that liberates 1 μmol of inorganic 
phosphate per minute from 0.0051 M Na-phytate solution at a pH of 5.5 and 37°C (Engelen et 
al., 1994). Diets were fed once daily for ad libitum intake. Steers were housed in metabolism 
stalls at the University of Illinois Beef Cattle and Sheep Field Research Laboratory in Urbana, 
IL. Stalls (2.3 × 1.3 m) were equipped with individual feed bunks. Water was provided ad 
libitum via nonsiphoning, automatic water bowls equipped with flow meters and data loggers 
(OM-CP-PULSE 101A) to record water intake (OMEGA Engineering Inc., Stamford CT). The 
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barn was equipped with a heating, ventilation, and air-conditioning system, providing a 
controlled environment set at 18.3°C.  
Collection of Samples 
To aid in diet transition and to account for any ruminal microbial differences, on d 0, all 
steers were weighed and partial ruminal contents (approximately 10 L) were removed from each 
steer, mixed among all steers, and mixed contents redistributed to all steers. Steers were then 
allotted to 1 of 6 dietary treatments according to Patterson and Lucas (1962). 
During each period, steers were fed for a 14 d adaptation period and then samples were 
collected for 5 d after that. Thus, each period of the square was 19 d. Feed samples, 100 g (as-is), 
were collected on d 1 through 5 of the collection period. Individual feed ingredient samples were 
analyzed for DM (24 h at 105°C) at the initiation of each period to adjust for dietary inclusion. If 
there happened to be orts present on a day of collection, orts were weighed back and subsampled. 
Feed and orts samples were stored at -20˚C and saved for later analysis. 
On d 1 of the collection period, fecal bags were attached on each steer to determine fecal 
output for 120 h. Feces were collected in canvas bags secured by a leather harness attached 
around the heart girth and under the neck. Feces were weighed 3 times daily, 0600, 1200, and 
1800 and a 5% subsample of the total weight was saved at each collection. Fecal subsamples 
were combined as collected and stored in a -20˚C freezer until analysis.   
Urine collecting funnels were attached to steers on d 2 of collection and used to collect 
urine for 72 h. During the 72 h of urine collection, steers were under continuous observation by 
trained personnel to ensure the apparatus remained in place and collections accurately 
represented total urine output. Funnels were connected to 18.9 L plastic collection tanks via 
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plastic hose (0.64 cm thick with a 1.9 cm opening). Urine was acidified using 200 mL of 6 N 
HCl in the urine collection containers. This amount of acid was determined by sampling urine 
during the first period and testing pH to ensure the correct volume of 6 N HCl needed to keep 
urinary pH under 3 at all times. Every 24 h, urine volume was measured using a 2000 mL 
graduated cylinder. A 1% subsample of acidified urine was taken and saved at 4˚C for later 
analysis.  
On d 5 of collection, fecal bags and urine funnels were removed and ruminal fluid was 
collected for 24 hr. Samples of whole rumen contents (up to 200 mL) were obtained through the 
rumen cannula. An additional subsample of contents was strained through 2 layers of cheesecloth 
to measure pH of ruminal fluid at 0, 3, 6, 9, 12, 15, and 21 hr post-feeding (Metler Toledo FE20; 
Metler Toledo Inc., Columbus, OH). 
Blood was collected via jugular venipuncture on d 1 of the next period, prior to feeding 
the new diet. Blood samples were taken in BD Vacutainer® Trace Element K2 ETDA 10.8 mg 
plastic tubes (Catalog Number 368381). The blood was stored at room temperature for 3 h. 
While in the chute, rumen contents from individual steers (approximately 4 L) were mixed and 
the redistributed to steers fed the corresponding diets in the following period to reduce potential 
carryover effects on rumen microorganisms and facilitate diet transition. 
A 200mL sample of water from the water cups in the metabolism barn was taken one 
time during the experiment to analyze for P in the water and there were 3.201 μg P/mL of water. 
Laboratory Analysis 
After collection, feces samples were thawed, thoroughly mixed by hand and a 454 g 
subsample was brought back to the lab for analysis. Feed, fecal, and orts samples were 
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composited within period and lyophilized (FreeZone, Labconco, Kansas City, MO), then ground 
through a Wiley mill (1-mm screen, Arthur H. Thomas, Philadelphia, PA). Ground feed samples 
were analyzed for NDF and sequential ADF (using Ankom Technology method 5 and 6, 
respectively; Ankom200 Fiber Analyzer, Ankom Technology, Macedon, NY), N (Leco TruMac, 
LECO Corporation, St. Joseph, MI), fat (Method 2; Ankom Technology), total ash (500° C for 
12 h, HotPack Muffle Oven Model: 770750, HotPack Corp., Philadephia, PA), and total P (Miles 
et al., 2001). The resulting values were used to calculate nutrient composition of the diets. 
Dietary ingredient composites were subjected to perchloric acid digestion and inductively 
coupled plasma atomic emission spectroscopy analysis of complete minerals at a commercial lab 
(method 975.03: AOAC, 1988; Wooster, OH). 
Blood plasma samples were deproteinated following the procedures of Miles et al. 
(2001). Total P was analyzed using the colorimetric method of Miles et al. (2001). The amount 
of P was then determined using a spectrophotometer (Syndergy HT, BioTek, Winooski, VT) 
where absorbance was measured at 660nm. Results for total P analysis were deemed acceptable 
at a coefficient of variation (CV) of ≤ 5% within duplicates of feed, feed refusals, blood, urine, 
and total fecal P. The inter-assay CV for feed, feces, blood, and urine P determination was 5.4%. 
To ensure minimal P contamination, all glassware was soaked in 10% HNO3 for 3 days and 
rinsed 3 times in deionized water prior to use.  
Urine was analyzed for N, and total P. Apparent DM digestibility was calculated by 
subtracting the weight of feces (DM basis) from the weight of feed consumed (DM basis) and 
dividing the resulting value by weight of feed consumed (DM basis). This value was converted 
to a percent basis by multiplying by 100. 
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Digestibility of NDF was calculated by multiplying the weight of feed consumed (DM 
basis) by the percent NDF of the diet and the resulting value was considered NDF offered. Orts 
were analyzed for NDF as described above and the weight of orts (DM basis) was multiplied by 
the NDF content of the orts to determine NDF refused. Feces were analyzed for NDF and this 
NDF value was used to determine NDF output.  
Dry matter intake of P was calculated by multiplying the weight of feed consumed (DM 
basis) by the percent P of the diet and the resulting value was considered P offered. Orts were 
analyzed for P as described above and the weight of orts (DM basis) was multiplied by the P 
content of the orts to determine P refused. Feces were analyzed for P and this P value was used 
to determine P output. 
The water-soluble portion of total P in feces was analyzed using a method adapted from 
Kleinman et al. (2007). In quadruplicate, representative wet fecal samples containing 0.5 g solids 
were mixed with distilled water at a 100:1 solution to solids ratio for 60 min while on an orbital 
shaker (New Brunswick Scientific Classic C2 Platform Shaker, Edison, NJ). Samples were then 
centrifuged at a speed of 1500 × g  and temperature of 4˚C for 10 minutes (Thermo Scientific 
Sorvall Legend XFR, Waltham, MA) and the supernatant was analyzed for P concentration using 
the same colorimetric procedure (Miles et al., 2001) as described above. Results for fecal water-
soluble P analysis were deemed acceptable at a CV of ≤ 10% within quadruplicates. The inter-
assay CV was 4.11% for the water-soluble P results. 
Phytic acid content in each of the feed ingredients used in this trial were analyzed by a 
commercial lab (Enzyme Services and Consultancy; Memphis, TN). In this assay, samples were 
extracted with HCl to solubilize the attached phosphate groups. They were then treated with a 
phytase that is specific to phytic acid and its lower myo-inositol phosphate forms. Subsequent 
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phosphatase treatment was done to ensure all phosphate groups were removed from the inositol 
ring. Then, the total phosphate released was measured colorimetrically given as g of phosphorus 
per 100 g of sample from which the phytic acid concentration was calculated.  
Statistical Analysis 
 The experimental design was a 6 × 6 Latin square with a 3 × 2 factorial arrangement of 
treatments. Data were analyzed using the PROC MIXED procedure and correlations were 
analyzed using PROC CORR procedure of SAS (SAS Inst. Inc., Cary, NC). Repeated measures 
were used to analyze ruminal pH using the Toeplitz covariance structure. Individual animal was 
the experimental unit. Contrast statements were used to test the linear and quadratic effects of 
phytase inclusion. There were no linear or quadratic effects (P ≥ 0.11) of phytase inclusion; 
therefore, only treatment main effects and interactions are reported. Significance was declared at 
P ≤ 0.05. Trends were discussed at 0.05 < P ≤ 0.10. 
RESULTS AND DISCUSSION 
There were no interactions of phosphorus concentration and phytase inclusion (P ≥ 0.30) 
on any parameters measured. We had hypothesized that feeding steers 0, 500, and 2,000 FTU 
phytase per kg diet DM when they consumed 0.10% P would linearly increase total P absorption 
and retention in cattle, whereas feeding steers phytase with a 0.30% P diet would have no effect 
on P absorption or retention. In other words, we expected cattle fed 0.10% P would have a 
greater response to released P due to their borderline deficiency. However, this was not the case, 
no interaction was detected in feedlot cattle fed for ad libitum intakes in this metabolism trial. 
Therefore, the main effects of phytase inclusion and dietary P concentration will be discussed.  
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There were no main effects (P ≥ 0.40) of phytase inclusion on any parameter measured in 
the current study. One of the reasons we fed phytase to cattle was because phytase is known to 
have beneficial effects in pigs. There have been numerous studies in pigs documenting the 
efficacy of 250 to 1,500 FTU phytase per kg diet DM to increase ADG, G:F, bone strength, P 
digestibility, and P absorption (Adeola, 1995; Harper et al., 1997; Gentile et al., 2003; Braña et 
al., 2006; Kerr et al., 2010; Almeida and Stein, 2012). However, no such attributes were 
observed in this ruminant study.  
The microbial population in the rumen synthesizes phytases (Guyton et al., 2003; 
Nakashima et al., 2007). Thus, Hankins-Herr et al. (2009) reported no differences in DMI, total 
fecal output, and DM digestibility when 600 FTU phytase per kg diet DM was added to a corn 
and corn silage finishing diet fed to beef steers compared to those not fed dietary phytase. In 
addition, Kincaid et al. (2005) found no differences in DM digestibility in dairy cows when 427 
FTU phytase/kg of diet DM compared to cows fed no phytase in either corn- or barley-based 
diets. These authors attributed their results to adequate microbial phytase production. However, 
there is evidence that ruminal phytase may not release all of the P from phytate due to factors 
such as passage rate (Kincaid et al., 2005), grain type (Tronier et al., 1971; Eeckhout and de 
Paepe, 1994; Ravindran et al., 1994), processing method (Konishi et al., 1999; Park et al., 1999; 
Bravo et al., 2000), and dietary concentration of Ca (Sansinena, 1999). Nelson et al. (1971) 
suggested that providing atypically high doses of phytase (up to 7,600 FTU/kg of feed) to broiler 
chick diets can cleave 94.4% of phytate-bound P. This concept is known as “superdosing,” in 
swine and poultry diets. The added benefits observed were a 131% increase in weight gain and a 




In poultry diets, phytase is sometimes included at levels up to 2,500 FTU/kg diet DM 
(Simons et al., 1990; Zhang et al., 2003; Walk et al., 2013), with some studies reporting dietary 
inclusions of up to 7,600 and 12,000 FTU/kg diet DM (Nelson et al., 1971; Shirley and Edward, 
2003). One FTU is defined as the amount of phytase that liberates 1 μmol of inorganic phosphate 
per minute from 0.0051 M Na-phytate solution at a pH of 5.5 and 37°C (Engelen et al., 1994). In 
pigs, dietary inclusions have been fed in the range of 100 through 2,000 FTU/kg diet DM 
(Jongbloed et al., 1995; Adeola, 1995; Santos et al., 2014), but also at levels as high as 15,000 
FTU/kg diet DM (Harper et al., 1999; Kies et al., 2005). There is no information on superdosing 
phytase to beef cattle. Therefore, we aimed at exploring the effects of superdosing phytase, at 
2,000 FTU/kg of diet DM, in beef cattle. The diets fed in this study were highly processed diets. 
Specifically, the 0.10% P diet contained largely pure corn starch and chopped hay, ultimately 
resulting in a small particle size. As small feed particles are fermented in the rumen, their 
specific gravity increases and they sink more quickly to the bottom where rumen contents are 
solubilized in liquid and are more likely to pass through the reticulo-ruminal orifice (Faichney, 
1986, 1993; Sutherland, 1987). The small particle size and subsequent rapid passage rate may 
have precluded the ability of phytase to cleave P from phytate prior to passage (Kincaid et al., 
2005). In addition, the Ca:P for the diets were 3.33 and 2.48 for the 0.10% P and the 0.30% P 
diet, respectively. Phytate can form a chelate with excess Ca molecules in the rumen and not 
allow phytase access to the phytate to hydrolyze P (Sansinena, 1999). In scenarios where cattle 
are fed heavily processed diets and large amounts of Ca, inclusions of phytase greater than the 
2,000 FTU fed in the current trial may be warranted. 
Despite the lack of effect of phytase, differences in dietary P did affect (P < 0.01) DMI, 
total fecal output, and apparent DM digestibility. Steers fed 0.10% P consumed 16% less (P < 
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0.01) compared to steers fed 0.30% P. Geisert et al. (2010) reported a quadratic effect (P < 0.01) 
on DMI when finishing steers were fed 0.10, 0.17, 0.24, 0.31, and 0.38% P, where steers fed the 
0.10% P diet consumed 11% less compared to steers fed 0.31% dietary P (Geisert et al., 2010). P 
is involved in appetite regulation and plays a role in feed utilization (Underwood, 1981; Berner, 
1997). Researchers have observed decreased DMI in cattle fed P-deficient diets from as early as 
the 1930’s (Riddell et al., 1934; Kleiber et al., 1936). Authors have historically attributed this 
decrease in DMI to decreased “appetite.” One author went as far as to calculate the appetite 
response as ad libitum intake per day divided by the metabolic BW in kg (BW0.75; Kleiber et al., 
1936). Using this equation for appetite with the data in the current trial there was a 17% decrease 
in appetite in steers fed 0.10% P compared to those fed 0.30% P.  
Despite the reduction in intake, steers fed 0.10% P had increased (P < 0.01) total tract 
apparent DM digestibility compared with steers consuming 0.30% dietary P. This difference in 
the current study is likely attributed to the nature of the diets fed. The objective in formulating 
the diets for this study was to have a P-deficient and a P-adequate diet. In order to accomplish 
this objective and have both diets be “starch-based,” the 0.10% P diet was formulated by adding 
back in corn grain components without P: purified cornstarch, corn bran, and corn oil. The diets 
were formulated to have constant NDF and fat, and to differ only in P concentration. Murphy et 
al. (1994) reported that increased processing of grains increased digestibility when limit-fed to 
cattle, this may have increased digestibility in cattle fed the 0.10% P diet.   
Similar to NDF and fat, dietary CP concentrations were formulated to be isonitrogenous 
in both the 0.10 and 0.30% P diets; however, when analyzed, the 0.10% P diet contained 15% 
more CP than the 0.30% P diet. This difference in CP is attributed to mixing error at the feed 
mill of one of the ingredients in the supplement. But both CP concentrations were above the 
31 
 
level assumed to decrease intake in feedlot steers, 6 to 8% of the diet DM (NRC, 1987). Even 
though dietary N concentration differed, there was no difference (P = 0.86) in g/d intake of N 
(Table 3) nor was N retention affected (P = 0.84). Nitrogen retention was unaffected because 
steers fed the 0.10% P diet tended (P = 0.10) to absorb more N and excreted more (P = 0.02) N 
in the urine and less (P < 0.01) N in the feces compared with steers fed 0.30% P. Steers in this 
study weighed 815 kg, on average, requiring 208 g/d N according to the NRC (2016) and were 
consuming, on average, 199.42 g/d. Thus, steers fed 0.10% P and 0.30% in the current study 
were not N-deficient.  
 Steers fed the 0.10% P diet had a more rapid decrease (P = 0.01) in rumen pH (Figure 1) 
by 6 h post-feeding than steers fed 0.30% P likely due to the rapid fermentation of the corn 
starch in the rumen. This decrease in pH at 6 h post-feeding in steers on 0.10% P diet was below 
a pH of 5.5 and remained less than 5.5 until 15 h post-feeding. Whereas ruminal pH of steers fed 
0.30% P diet throughout all time points measured was 5.6 or greater. A reduction in ruminal pH 
from 7 to 4.9 reduces protein degradation in grain-based diets (Cardozo et al., 2000; 2002). 
Despite the fact that ruminal pH in steers fed 0.10% P dropped to the point at which protein 
degradation is decreased, steers on that diet were able to absorb more N compared with steers on 
the 0.30% P diet. 
Steers fed 0.10% P consumed less (P < 0.01) P and excreted less P in feces (P < 0.01) 
and urine (P < 0.01) than steers fed 0.30% P (Table 4). In steers consuming the 0.10% P diet, 
excretion of P was greater than intake of P. Therefore, both retention of P (P < 0.01) and 
absorption of P (P < 0.01) were negative. Steers fed 0.30% P excreted 51.9% more fecal P/d 
compared to steers fed 0.10% P. A portion of the fecal losses would be endogenous P losses 
regardless of dietary P concentration. Braithwaite (1984) demonstrated in lambs fed varying 
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levels of P that fecal endogenous losses of P are increased when dietary P increases regardless of 
whether or not the requirement is being met. Additionally, fecal endogenous losses from cattle 
fed a P-free diet were equal to 10 mg/kg BW per day as demonstrated by the Agricultural 
Research Council (1980). Although fecal endogenous losses of P were not measured in our 
study, steers fed 0.10% P in the current trial would have an estimated 8 g of fecal endogenous 
losses each day (815 kg BW with 10 mg P excretion per kg of BW) and measured total fecal P 
losses averaged 11.19 g/d. In addition, Peffer et al. (2005) estimated that about 66 to 75% of 
fecal P in ruminants is of endogenous origin. Thus, steers fed 0.10% P would have been close to 
the published estimations, with an estimated 71% of fecal P being as endogenous losses. 
However, steers fed 0.30% P using the same 8 g estimate for endogenous losses, would have had 
just 35% fecal P as endogenous losses. The discrepancy between the two may be due to P 
requirements. Geisert et al. (2010) cited that steers continued to gain and grow well when fed 
only 0.17% dietary P. These authors suggested that 0.17% P was adequate for steers and any P 
above that may be fed in excess. Excess nutrients that are not used by the animal are simply 
excreted. Thus, the increased P excretion in steers consuming 0.30% may be due to the decreased 
need for P. Typically, an increase in P intake leads to an increase in endogenous losses of P in 
both lambs (Preston and Pfander, 1964; Braithwaite, 1984; 1985) and steers (Challa et al., 1989; 
Coates and Ternouth, 1992; Bortolussi et al., 1996). The difference between P-deficient and 
adequate diets also corresponded to changes in blood P.  
There was no effect of dietary phytase concentration on blood P (P ≥ 0.45) or urinary P 
(P ≥ 0.27), but, steers fed 0.30% P had 46.2% greater (P < 0.01; Figure 2) circulating 
concentration of plasma P and 94.6% greater (P < 0.01; Table 4) urinary excretion of P than 
steers fed 0.10% P. Blood P concentrations were correlated (r = 0.60; P < 0.01; data not shown) 
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to urinary P concentrations when dietary P was 0.10%. However, when dietary P was 0.30%, 
there was no correlation (r = 0.36; P = 0.16). Cattle conserve P by reducing relative urinary P 
excretion to maintain blood P (McDowell, 2000); however, when P is adequate, cattle will 
excrete excess P in their urine. Thus, while plasma concentrations are controlled through 
multiple homeostatic mechanisms, urinary P fluctuates more with changes in dietary P 
concentration. Furthermore, plasma P concentrations of less than or equal to 4.50 mg/dL in cattle 
are indicative of deficiency (NRC, 2000). Steers fed the 0.10% P diet had an average plasma P 
level of 2.87 mg/dL and, based on the urinary correlations and plasma P, were P-deficient. When 
steers consumed 0.30% P diets, blood P concentrations exceeded 5 mg/dL, indicating they were 
P-adequate. Bortolussi et al. (1996) reported that when steers were fed a diet containing 0.04% P, 
blood plasma P concentrations were 3.50 mg/dL. Most compelling, was that due to the Latin 
square design, steers used throughout the entirety of this study, were adapted to a new diet every 
20 d, thus blood P concentration changed within 20 d of dietary P concentration changes, despite 
the mature size of the steers used in the current study. This observation indicates that blood can 
be an accurate early indicator of P deficiency. In fact, when sheep consumed either 1.94, 4.01, or 
6.03 g/d P, there was a linear increase in plasma P concentrations as dietary P intake increased, 
observed after 9 d (Scott et al., 1985). Also, steers consuming as little as 5.80 g/d P had plasma P 
concentrations of 3.12 mg/dL compared with steers consuming 27.2 g/d P, which had plasma P 
concentrations of 7.57 mg/dL after 14 d (Bortolussi et al., 1996).  
Based on the NRC (2016) prediction model, the maintenance requirement for P in a steer 
weighing 815 kg is 17.42 g/d. The steers on the 0.10% P diet consumed, on average, 9.90 g P/d 
whereas steers on the 0.30% P diet consumed 33.99 g P/d. Thus, steers on the 0.10% P diet were 
not getting enough dietary P to meet their maintenance requirement, ultimately resulting in 
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negative values for absorbed and retained P. Ruminants have a greater renal threshold for P than 
nonruminants (McDowell, 1992) because of their ability to store P in the kidney for times of 
greater need, which represents an evolutionary advantage for grazing ruminants. In situations 
when ruminants are required to graze poor-quality forages intake is the limiting factor at getting 
enough P to meet their requirement. Renal storage of P can supply blood P in times of need. 
Even though steers fed 0.10% P had negative P retention they excreted P in the urine, indicating 
they were mobilizing small amounts from body reserves of P, either from the bone or kidney. 
Conversely, steers on the 0.30% P diet most likely were not mobilizing from their body reserves 
to meet their requirement for P. They had both positive absorption and retention values, and 
retained on average about 60% of what was absorbed.  
One justification for studying P absorption and retention in beef steers was an attempt to 
reduce P-causing pollution from beef steers, thus water-soluble P concentrations were measured 
in the feces. Water-soluble P concentration in the feces was greater (P < 0.01) in steers fed 
0.30% P (Table 4). However, the proportion of total fecal P that was excreted as water-soluble P 
was increased by 23.0% in cattle fed 0.10% P compared to steers fed 0.30% P, regardless of 
phytase inclusion level. Not only did steers fed 0.30% P consume more (P < 0.01) total P but 
they consumed 100% more phytate-P as a proportion of total dietary P than cattle fed 0.10% P. 
Intake of P bound to phytate made up 32.7% and 67.7% of total P intake in the 0.10% and 0.30% 
P diets with no supplemental phytase, respectively (Figure 3), potentially explaining the 
differences in water-soluble P.  
The concentration of water-soluble P in cattle manure has implications in nutrient 
management if that manure is going to be used as fertilizer. Water-soluble P concentration in 
manure is positively correlated to dissolved-reactive P on the soil surface and is a readily 
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available source of solubilized P that is responsible for the eutrophication of fresh-water bodies 
(Pote et al., 1999). Besides concentration of water-soluble P, total P and N in feces used as 
fertilizer are also of concern in nutrient management. Commonly planted corn hybrids in Illinois 
uptake a N:P ratio of about 5.8 (Bender et al., 2013). Uncomposted beef feedlot manure provides 
an N:P ratio of 2.6 (Eghball et al., 1997), thus contains excess P compared with what the crop 
actually needs. Because of this, manure application to corn with beef feedlot manure to meet the 
requirements for N would increase soil levels of P beyond what is required. In the current trial, 
the N:P ratio of manure was 6.76 and 2.30 from steers fed 0.10% P and 0.30% P, respectively.     
There were no interactions between phytase and P concentration in steers and there were 
no main effects of phytase. However, cattle consuming only 0.10% P were in negative P balance, 
which impacted P absorption and retention. Blood P values responded rapidly to the P deficient 




Table 1. Composition of diets fed to steers 
 0.10% P1  0.30% P 
Phytase FTU/kg diet DM 02 500 2,000  0 500 2,000 
Item, % DM basis        
Dry Rolled Corn - - -  75.0 74.99 74.96 
Grass hay3 15.0 15.0 15.0  15.0 15.0 15.0 
Corn starch 59.5 59.49 59.46  - - - 
Corn bran 13.0 13.0 13.0  - - - 
Corn oil 2.5 2.5 2.5  - - - 
Phytase4 0 0.01 0.04  0 0.01 0.04 
Supplement        
Ground corn - - -  4.672 4.672 4.672 
Corn starch 1.700 1.700 1.700  - - - 
Soybean meal 6.072 6.072 6.072  3.700 3.700 3.700 
Urea 1.700 1.700 1.700  - - - 
Limestone 0.400 0.400 0.400  1.500 1.500 1.500 
Trace mineral5 0.100 0.100 0.100  0.100 0.100 0.100 
Monensin6 0.017 0.017 0.017  0.017 0.017 0.017 
Tylosin7 0.110 0.110 0.110  0.110 0.110 0.110 
Analyzed Composition        
DM 88.23 88.23 88.23  83.87 83.87 83.88 
OM 97.68 97.68 97.68  95.72 95.72 95.73 
Fat 3.02 3.01 3.01  2.58 2.58 2.58 
NDF 19.66 19.66 19.65  19.00 19.00 18.99 
ADF 8.97 8.97 8.97  8.38 8.38 8.37 
CP 11.54 11.55 11.57  9.80 9.81 9.83 
Ca 0.30 0.30 0.30  0.67 0.67 0.67 
P 0.09 0.09 0.09  0.27 0.27 0.27 
Phytic acid 0.10 0.10 0.10  0.64 0.64 0.64 
1Diets were formulated to contain 0.10 and 0.30% P based on book values (NRC, 2000). 
2Denotes phytase enzyme addition to diet; 0 = 0 FTU phytase/kg diet DM; 500 = 500 FTU phytase/kg diet 
DM; 2,000 FTU phytase/kg diet DM. 
3Grass hay fed to cattle was 87.01% DM and contained 8.97% CP, 67.99% NDF, and 41.23% ADF (DM 
basis). 
4Phytase (5,000 FTU/g of Quantum Blue; ABVista, Marlborough, United Kingdom) was hand-mixed at 
the time of feeding. 
5Included: 8.5% Ca (as CaCO3), 5% Mg (as MgO and MgSO4), 7.6% K (as KCl2), 6.7% Cl (as KCl2) 10% 
S (as S8, prilled), 0.5% Cu (as CuSO4 and Availa-4 (Zinpro Performance Minerals; Zinpro Corp, Eden 
Prairie, MN)), 2% Fe (as FeSO4), 3% Mn (as MnSO4 and Availa-4), 3% Zn (as ZnSO4 and Availa-4), 278 
mg/kg Co (as Availa-4), 250 mg/kg I (as Ca(IO3)2), 150 mg/kg Se (Na2SeO3), 2,205 KIU/kg VitA (as 
retinyl acetate), 662.5 KIU/kg VitD (as cholecalciferol), 22,047.5 IU/kg VitE (as DL-α-tocopheryl 
acetate), and less than 1% CP, fat, crude fiber, salt. 
6Rumensin 90 (198 g monensin/kg of Rumensin 90 DM; Elanco Animal Health; Greenfield, IN). 
7Tylan 40 (88 g tylosin/kg of Tylan 40 DM; Elanco Animal Health). 
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Table 2. Effects of the interaction of phytase concentration (0, 500, 2,000 FTU phytase/kg diet DM) and dietary P (0.10% P or 0.30% 
P) on steer DM digestibility 
 
  
 0.10%P1  0.30%P  P-value3 
Item 02 500 2,000  0 500 2,000 SEM P E P×E 
n 6 6 6  6 6 5 - - - - 
DMI, kg/d 10.64 11.57 9.84  12.34 12.68 13.22 0.82 <0.01 0.64 0.32 
Fecal output, kg/d 2.80 3.08 2.70  4.14 4.08 4.37 0.27 <0.01 0.91 0.41 
Apparent DM Digestibility4, 
% 73.90 73.51 72.66 
 
66.77 68.07 66.85 1.11 <0.01 0.61 0.94 
Water intake, L/d 52.29 55.83 62.36  77.38 60.42 52.17 13.52 0.53 0.80 0.38 
Urine output, L/d 19.05 15.62 25.40  40.66 22.16 18.06 9.79 0.35 0.45 0.30 
1Diets were formulated to contain 0.10 and 0.30% P based on book values (NRC, 2000). 
2Denotes phytase enzyme addition to diet; 0 = 0 FTU phytase/kg diet DM; 500 = 500 FTU phytase/kg diet DM; 2,000 FTU 
phytase/kg diet DM. 
3P=the main effect of dietary phosphorus (0.10% or 0.30% diet DM); E = the main effect of phytase enzyme inclusion (0, 500, 2,000 
FTU phytase/kg diet DM); P × E = the interaction of dietary P inclusion and concentration of enzyme addition 
4Calculated as ((Feed DM – Fecal DM)/Feed DM) × 100 
38 
 
Table 3. Effects of the interaction of phytase concentration (0, 500, 2,000 FTU phytase/kg diet DM) and dietary P (0.10% P or 0.30% 
P) on N metabolism in steers fed starch-based diets 
 
 0.10%P1  0.30%P  P-value3 
Item 02 500 2,000  0 500 2,000 SEM P E P×E 
Intake, g N/d 197.31 214.77 183.15  193.53 198.46 209.28 15.47 0.86 0.68 0.33 
Fecal output, g N/d 67.27 71.25 62.33  79.61 79.79 85.30 6.59 <0.01 0.93 0.49 
Urinary output, g N/d 104.12 107.37 97.27  86.39 88.72 92.18 7.22 0.02 0.86 0.54 
Retention4, g N/d 25.92 36.15 23.56  27.53 29.95 31.80 7.83 0.84 0.63 0.61 
Retention, % of intake 11.32 15.56 9.80  14.09 15.05 15.59 3.70 0.34 0.67 0.66 
Absorbed5, g N/d 130.04 143.52 120.83  113.92 118.67 123.98 9.87 0.10 0.52 0.31 
Retention, % of absorbed 16.99 22.99 14.89  23.79 24.68 25.53 5.63 0.14 0.73 0.69 
1Diets were formulated to contain 0.10 and 0.30% P based on book values (NRC, 2000). 
2Denotes phytase enzyme addition to diet; 0 = 0 FTU phytase/kg diet DM; 500 = 500 FTU phytase/kg diet DM; 2,000 FTU 
phytase/kg diet DM. 
3P=the main effect of dietary phosphorus (0.10% or 0.30%  diet DM ); E = the main effect of phytase enzyme inclusion (0, 500, 
2,000 FTU phytase/kg diet DM); P × E = the interaction of dietary P inclusion and concentration of enzyme addition 
4Calculated as Intake N (g/d) – Fecal N (g/d) – Urinary N (g/d) 
5Calculated as Intake N (g/d) – Fecal N (g/d) 
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Table 4. Effects of the interaction of phytase concentration (0, 500, or 2,000 FTU phytase/kg diet DM) and dietary P (0.10% P or 
0.30% P) on P metabolism in steers fed starch-based diets 
 
 
 0.10%P1  0.30%P  P-value3 
Item 02 500 2,000  0 500 2,000 SEM P E P×E 
Intake4, g P/d 9.82 10.69 9.18  33.45 33.53 34.99 1.57 <0.01 0.93 0.60 
Fecal output, g P/d 11.90 11.62 10.05  22.02 25.02 22.71 2.01 <0.01 0.57 0.64 
Fecal water-soluble P            
g water-soluble P/d 8.80 8.66 7.64  12.74 13.35 13.13 1.88 <0.01 0.94 0.91 
% of total fecal P 74.88 77.67 73.85  56.26 58.27 60.52 8.85 0.02 0.95 0.92 
Urinary output, g P/d 0.32 0.20 0.29  5.85 3.32 6.22 1.48 <0.01 0.49 0.54 
Retention5, g P/d -2.41 -1.12 -1.15  5.58 7.17 5.97 1.14 <0.01 0.40 0.85 
Retention, % of intake -26.94 -12.32 -18.07  16.66 23.01 17.52 8.08 <0.01 0.98 0.82 
Absorbed6, g P/d -2.08 -0.93 -0.87  11.43 10.54 12.19 2.17 <0.01 0.87 0.87 
1Diets were formulated to contain 0.10 and 0.30% P based on book values (NRC, 2000). 
2Denotes phytase enzyme addition to diet; 0 = 0 FTU phytase/kg diet DM; 500 = 500 FTU phytase/kg diet DM; 2,000 FTU 
phytase/kg diet DM. 
3P=the main effect of dietary phosphorus (0.10% or 0.30% diet DM); E = the main effect of phytase enzyme inclusion (0, 500, 
2,000 FTU phytase/kg diet DM); P × E = the interaction of dietary P inclusion and concentration of enzyme addition. 
4Intake includes feed P and water P (3.03 μg/mg). 
5Calculated as Intake P (g/d) – Fecal P (g/d) – Urinary P (g/d) 




Figure 1.  
 
Figure 1. Effects of the interaction of phytase concentration (0, 500, or 2,000 FTU phytase/kg diet 
DM) and dietary P (0.10% P or 0.30% P) on ruminal pH in steers fed starch-based diets. Steers 
were fed P at 0.10% diet DM ( ) or P at 0.30% diet DM ( ) with varying concentrations of 
phytase: 0 FTU phytase/kg diet DM (●), 500 FTU phytase/kg diet DM (■), 2,000 FTU phytase/kg 
diet DM (▲). There was a P × hr interaction (P < 0.01) and a main effect of dietary P concentration 
(P = 0.01) for ruminal pH. There were no other treatment effects (P ≥ 0.48) on ruminal pH. 






























Figure 2.  
 
Figure 2. Effects of the interaction of phytase concentration (0, 500, or 2,000 FTU phytase/kg diet 
DM) and dietary P (0.10% P or 0.30% P) on blood P concentrations in steer fed starch-based diets. 
Steers were fed P at 0.10% diet DM or P at 0.30% diet DM with varying concentrations of phytase: 
0 FTU phytase/kg diet DM ( ), 500 FTU phytase/kg diet DM ( ), 2,000 FTU phytase/kg 
diet DM ( ) on a DM basis. There were no interactions of P × phytase inclusion (P = 0.76) nor 
main effects of phytase inclusion (P ≥ 0.45) on blood P concentrations. Steers fed dietary 
concentrations of 0.30% P had greater (P < 0.01) blood P concentrations than steers fed dietary 
concentrations of 0.10% P. Standard error bars depict the variation associated with the interaction 































Figure 3. Effects of the interaction of phytase concentration (0, 500, or 2,000 FTU phytase/kg diet 
DM)and dietary P (0.10% P or 0.30% P) on the proportion of intake phytic acid-bound P in total 
P consumed by steers fed starch-based diets.: Steers were fed P at 0.10% diet DM or P at 0.30% 
diet DM with varying concentrations of phytase: 0 FTU phytase/kg diet DM ( ), 500 FTU 
phytase/kg diet DM ( ), 2,000 FTU phytase/kg diet DM ( ) on a DM basis with  
denoting the proportion of phytic acid-bound P intake of total P intake within their respective 
treatments. There were no effects of phytase inclusion (P ≥ 0.57) or the interaction of P × phytase 
inclusion (P = 0.68) on total P intake. Steers fed dietary concentrations of 0.30% P had greater (P 
< 0.01) total P intake compared to steers fed dietary concentrations of 0.10% P. There were also 
no effects of phytase inclusion (P ≥ 0.60) or the interaction of P × phytase inclusion (P = 0.79) on 
phytic-acid bound P intake. Steers fed dietary concentrations of 0.30% P had greater (P < 0.01) 
phytic acid-bound P intake compared to steers fed dietary concentrations of 0.10% P. Standard 
error bars depict the variation associated with the interaction of P × E (SEM = 1.57 and 1.00, for 

























CHAPTER 3: IMPLICATIONS 
Despite the fact that phytase had no effect on parameters measured in this study, insight 
can be drawn on the way P metabolism works when steers are fed P-deficient diets and P-
adequate diets. Based on previous work, it has been demonstrated that there is a relationship 
between P intake, fecal endogenous losses of P, and plasma P concentration in ruminants 
(Preston and Pfander, 1964; Braithwaite et al., 1984; Challa and Braithwaite, 1988a; Challa et 
al., 1989; Bortolussi et al., 1996). Blood P fluctuated in the current study as P intake fluctuated, 
and this fluctuation occurred in a matter of about 20 d. Thus, these factors are in concert with 
each other in regulating P balance in the ruminant. Not only do processes in the live animal 
change with differing dietary P inclusions; but, total P and the proportion of fecal P most subject 
to run-off situations also change with dietary P inclusion. In the future, this should be taken into 
account if cattle producers intend to use manure for fertilizer. More research is warranted 
evaluating superdoses of phytase in ruminant diets and at different stages of production. The 
rumen holds a large volume of liquid and feed contents and perhaps requires more phytase to 
have a marked effect on P metabolism. Objectives of further research surrounding feeding 
strategies in cattle diets using phytase should be to make feces more environmentally-fitting in 
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